S p e c i a l i S S u e O N c O a S ta l l O N g t e r m e c O l O g i c a l r e S e a r c h
Remote-Sensing Monitoring of Tide Propagation Through Coastal Wetlands
abStr act. Tide propagation through coastal wetlands is a complex phenomenon affected by vegetation, channels, and tidal conditions. Generally, tidal flow is studied using stage (water level) observations, which provide good temporal resolution, but they are acquired in limited locations. Here, a remotesensing technique, wetland InSAR (interferometric synthetic aperture radar), is used to detect tidal flow in vegetated coastal environments over broad spatial scales. The technique is applied to data sets acquired by three radar satellites over the western Everglades in south Florida. Interferometric analysis of the data shows that the greatest water-level changes occur along tidal channels, reflecting a high velocity gradient between fast horizontal flow in the channel and the slow flow propagation through the vegetation. The high-resolution observations indicate that the tidal flushing zone extends 2-3 km on both sides of tidal channels and can extend 3-4 km inland from the end of the channel.
The InSAR observations can also serve as quantitative constraints for detailed coastal wetland flow models.
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Coastal wetlands, including mangrove forests and saltwater marshes, are considered among the most valuable ecosystems on Earth, yet their existence is presently being threatened by climate change (sea level rise) and human interference (e.g., infrastructure development). These fragile ecosystems depend on continuous water and nutrient replenishment by ocean tidal flow and often also by freshwater flow. Although ocean tides are well known and forecasted, tidal flow movements through coastal wetlands are poorly known because vegetation resists the flow and delays both inland and seaward flow at rising and subsiding tide conditions, respectively. Thus far, most observations on tide propagation through coastal wetlands have been obtained from stage (water level) measurements within the vegetated tidal zone (e.g., Mazda et al., 1995; Holtermann et al., 2009 ). These stage measurements can produce high temporal resolution observations, but they are acquired at a limited number of measurement points.
Remote-sensing observations, in particular, satellite imagery, serve as very useful tools for characterizing spatial phenomena, such as land cover and its changes over time. Optical and synthetic aperture radar imagery have been widely used to detect and monitor coastal wetlands, mainly for vegetation classification and estimating biological parameters, such as aboveground biomass (Simard et al., 2006; Schalles et al., 2013 , in this issue). However, most of these remote-sensing techniques cannot detect water levels in wetlands, as the water is often beneath the vegetation cover.
Interferometric synthetic aperture radar (InSAR) is a very reliable remote-sensing technique for monitoring changes in Earth's solid and aquatic surfaces (Box 1). Wetland InSAR is a relatively new application of this technique that detects water-level changes in aquatic environments with emergent vegetation (Wdowinski et al., 2004 (Wdowinski et al., , 2008 .
Obtaining coherent phase observations (Box 1) in both aquatic and vegetated environments over several days was not thought possible because short-term processes such as wind or water flow can change the shape of the scattering surface. However, the fact that coherent InSAR observations can be obtained in wetlands indicates that they are stable for SAR scattering and can maintain phase over weeks and months (Kim et al., 2013) . Indeed, the method has been successfully applied to study wetland hydrology in the Everglades (Wdowinski et al., 2004 (Wdowinski et al., , 2008 Hong et al., 2010) , in Louisiana (Kim et al., 2009; Kwoun and Lu, 2009) , and at other locations (e.g., Gondwe et al., 2010) .
In this study, we use high spatial resolution InSAR observations to detect surface water-level changes in response to ocean tide propagation through the coastal Everglades' mangrove forests. The observations show that the highest rate of water-level changes occurs near tidal channels, reflecting a high velocity gradient between fast horizontal flow Oceanography | September 2013 65 bOx 1 | SyNthetic aperture radar Synthetic aperture radar (Sar) is an active remote-sensing technique that transmits and receives radar signals over a wide swath (15-400 km) with spatial pixel resolution of 1-100 m depending on satellite acquisition parameters. it measures two independent observation types-backscatter amplitude and phase. backscatter amplitude, which is often presented as gray-scale images of the surface, is very sensitive to surface dielectric properties, surface inclination toward the satellite, and wave direction in the ocean. amplitude images are widely used for studying surface classification, soil moisture content, ocean waves, and many other applications (e.g., cloude and pottier, 1996) .
The second observation type, backscatter phase, measures the fraction of the radar wavelength that returns to the satellite's antenna. it is mainly sensitive to the range or distance between the surface and the satellite, but also to atmospheric conditions and changes in the surface dielectric properties. phase data are mostly used in interferometric calculations (inSar) for detecting subcentimeter-level displacements of the surface (burgmann et al., 2000) . The method compares pixel-by-pixel Sar phase observations of the same area acquired at different times from roughly the same location in space (up to 4 km deviation between repeated orbits) to produce high-spatial-resolution surface change maps.
The results of Sar interferometric processing are detailed colorful maps, termed interferograms, which show phase changes occurring between two acquisition times. These phase changes are referred to as "fringes" and represent mostly line-of-sight changes between earth's surface and the satellite, which can include both vertical and horizontal surface movements. however, some of the fringes represent changes in atmospheric moisture content between the two acquisition times, because atmospheric moisture delays the transmission of the Sar signal to and from the satellite. a quality measure of an interferogram is termed coherence, which calculates spatial consistency of the calculated phase. high interferometric coherence is reflected in continuous fringe patterns, whereas low coherence appears as a fuzzy phase pattern. interferograms are widely used in studies of earthquake-induced crustal deformation, magmatic activity, water-table fluctuations, and glacier movements (Wdowinski and eriksson, 2009) .
transforming an interferogram's phase measurements to water-level changes requires an advanced spatial analysis of the phase information and knowledge of the sensor's wavelength and acquisition geometry. The advanced spatial analysis, termed unwrapping, expands the range of the observed phase, which is wrapped in the range 0-2π, to a much larger range (e.g., 0-8π), depending on the phase pattern and distribution. Then, the unwrapped phase is multiplied by half of the sensor's wavelength and a geometric factor based on the satellite's viewing angle of earth's surface. more details on phase transformation to water-level change can be found in Wdowinski et al. (2008) . 
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Water-level changes and tidal Flow dynamics
The three interferograms presented in Figure 2 detected variable water-level changes throughout the tidal zone, with the largest changes along tidal channels.
These differences, which can be related to tidal flow dynamics, are summarized in Figure 3 . Phase changes detected by InSAR reflect water-level changes, which occurred due to differences in tidal elevation between the two acquisition times (11, 24, and 46 days for the TSX, RSAT-2, and ALOS, respectively). We illustrate this in Figure 3g and h, which shows one scenario of ascending and the other of descending tide conditions. between the two acquisition snapshots, which is similar to the water-level changes detected across Tarpon Bay.
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